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Abstract 
This  paper  reviews  some  technologies  utilised for  groundwater  monitoring  programs 
applicable  mainly  to  shallow,  unconfined  aquifers;  especially  the  monitoring,  well  design,  drilling, 
pumping,  purging and  sampling  aspects.  The  roles  of program  objectives,  sampling  protocol,  analysis 
and  Quality  Assurance  are  also  examined. 
Key Words: Catchment management, groundwater, hydrology, monitoring, Quality Assurance, 
sampling, unconfined aquifers, wells. 
Introduction 
Throughout the world groundwater monitoring is an important component of catchment 
management and broadly serve four roles: 
(i)  discovery and examination of new aquifers (exploratory role); 
(ii)  groundwater quality monitoring (monitoring role); 
(iii) pollution plume mapping (assessment role); and 
(iv)  effectiveness verification for pollution control or decontamination measures (regulatory role). 
Some or all of these may be incorporated into a specific monitoring program to provide 
indicators of groundwater health, facilitating the formulation of appropriate catchment 
management policies. 
This paper examines groundwater monitoring and includes: 
objectives of groundwater monitoring programs; monitoring or sampling wells (wells); the relevance 
of catchment hydrology; pumping and purging for sample collection; sampling protocol and 
collection techniques; the role of analysis; and Quality Assurance (QA). 
Objectives of Groundwater Monitoring: 
Every environmental monitoring program must have clearly defined objectives for proper 
planning and execution and to gauge its success; it is also an integral part of QA. A groundwater . 
monitoring program is governed by cost limitations hence objectives often have to be carefully 
revised in consultation with end-users before commencement of the project. 
A general objective of groundwater monitoring is to obtain a true indication of the physico-
chemical and biological constitution of the water within the aquifer. Thus it is important that the 
collected water samples are truly representative of the source being examined and that collection, 
handling, transport, storage and analysis of these water samples is carried out using standard 
procedures and Quality Assurance. Another common objective is ongoing monitoring to detect any 
degradation of water quality at the earliest possible time and may involve testing the basic 
physico-chemical qualities (TDS, pH, Eh, DO and temperature) of water available from an aquifer 
andlor testing for specific contaminants (eg BTEX, heavy metals, pesticides, nutrients, 
radionuclides, bacteria, viruses, etc.). 
Monitoring Wells 
A fundamental requirement for groundwater monitoring is access to the water within the 
aquifer through monitoring wells; this is a critical component of the monitoring program. 
Location and design: A monitoring program should permit installation of new wells; existing 
production wells are often poorly located (relative to the study objectives) and are generally 
designed for maximum yield rather than selectivity. The number of monitoring wells required and 
their spatial distribution will depend on the hydrologic complexity of the catchment and the 
objectives of the program. Changes in the placement and number of required wells often evolves in 
the light of collected data or variations in program objectives; thus should be a normal part of 
program evolution. 
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Design of monitoring wells requires knowledge of the site's hydrogeology and subterranean 
geochemistry; their construction demands a higher level of care than normally applied to 
production wells. Design criteria include: borehole diameter and depth; drilling technique; length, 
number, placement and slot size of screened sections; gravel pack specifications; backfill; sealing at 
the surface; and yield potential of the well. The simplest, narrow diameter monitoring wells 
capable of accommodating the purging and sampling equipment are preferred for routine monitoring 
as these will least disturb the environment and minimise the purging volume required. With the 
general availability of small diameter (50 mm), submersible pumps capable of 30 metre lift, 50 mm 
(ID) monitoring wells have become a standard in monitoring well technology (Barcelona et al. 
1988). 
Drilling: Selection of an appropriate drilling technology is important in achieving the desired cost-
effectiveness, weI performance and quality of groundwater samples. The main criteria are nature of 
the geological formation(s) overlying and containing the aquifer, cost and availability of drilling 
equipment and the depth of drilling required. Drilling techniques include: hand augering; drive 
point drilling; cable-tool drilling; hollow-stem and solid-stem augering; and air-rotary drilling. 
Construction materials for wells: Well casing and screen materials can contaminate the collected 
sample. The materials should have minimum chemical impact on the samples and retain their 
structural integrity within the subterranean environment for the life of the monitoring program. 
Some commonly used materials (from best to worst) are: poly-tetrafluoroethylene (PTFE or Teflon1); 
stainless steel; PVC; Galvanised iron; and Steel. Many monitoring wells are constructed from rigid 
PVC whose absorption of organic compounds is low; typically2less than 1 ng/cm2. Flexible PVC, 
however, is quite different; added plasticisers such as phthalate esters, do leach into the water. 
The U.S. EPA recommends use of stainless steel or Teflon in preference to PVC (Kent and Payne 1988) 
but this does impose a significant cost penalty. Where cost constraints dictate use of the cheapest 
materials, additional tests and QA samples may be required to identify any bias introduced by 
those materials. 
Well development: Well development is an important phase of commissioning (or recommissioning) 
a monitoring well and is often overlooked in the planning stage. Drilling often produces a sleave of 
finely ground materials (fines) around the borehole which (when wet) form an occlusive mud cake 
around the well casing. This sleave limits the hydraulic conductivity into the screened section and 
must be removed to enable effective sampling, allow an adequate flow rate into the well and 
provide water samples reasonably free from suspended solids (to reduce subsequent filtering 
requirements). Development techniques include: bailing; surging; and flushing with air or water. 
The underlying principle of each technique is to generate repetitive and shock flow reversal 
through the mud cake thereby breaking it up and flushing the fines into the well for removal. The 
end-point is variable from clear water delivery to a consistent minimum content of suspended solids. 
Catchment Hydrology 
Monitoring changes in groundwater requires an understanding of the physical and chemical 
characteristics of the aquifer system. This includes the hydrologic and geochemical characteristics 
of the aquifer and usually involves a desk survey of all known information from previous test 
drilling; in the absence of such information additional test drilling will be required. Ideally the 
knowledge will include: detailed aquifer stratigraphy; the sorption/dispersion behaviour of 
monitored chemical species; the direction(s), velocity and temporal variation of groundwater flow 
(to anticipate potential plume movement; or predict movement of an existing plume and plan 
remedial action); the (triaxial) hydraulic conductivity of the strata; and the normal or 
uncontaminated spatial and temporal variations in groundwater quality. 
Pumping and Purging 
Whenever water is stagnant in the well casing for extended periods of time (ie two hours or 
more) it has had the opportunity to react with the well casing material, exchange gasses with the 
atmosphere and suffer microbial activity. It is well accepted (Davis and Barber 1994) that, due to 
this chemical alteration and vertical cross contamination from different strata within the well, 
stagnant water must always be removed prior to sample collection to obtain a truly representative 
sample. Purging and sampling should preferably take place at the same level in the well; this is 
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normally achievable using the same pump. Additionally, the equipment should always be lowered 
to the same level in the well for consistency. 
Hydraulic effects during pumping (such as turbulent flow) may cause sample alteration. A 
sampling protocol should include a purging and sampling routine for each monitoring well (Kent and 
Payne 1988) to: ensure adequate purging to gain a representative sample (usually with the pump 
operating at high speed, typically delivering 4 to 10 litres per minute); and to minimise turbulent 
flow, de  stratification and sample alteration - which requires a low flow rate (around 100 ml per 
minute) to enable sample collection with minimum degassing (Barcelona et al. 1988); this is 
especially important in the monitoring of volatile organic solvents (Smith et al1988). The purging 
and sampling cycles therefore require a variable-delivery type pump or two separate pumps. 
Suggested purging volumes range from three well-casing volumes (Hirschberg 1993, U.S. 
EPA); through to three to ten volumes (Keith 1990). Excessive purging not only wastes time but 
causes undue disturbance of the environment (both to the aquifer and the surface where the purge 
water is released). CSIR03 and the U.S. Geological Survey recommends pumping the well until 
temperature, pH and conductivity are constant; i.e. they should be stable over two successive well 
volumes. Since pH is particularly sensitive to C02 loss, in-line measurements provide more accurate 
results than grab samples (Barcelona et al. 1988). The extent of well purging will vary with the 
hydraulic properties of the aquifer system under investigation and may vary with time as aquifer 
properties are altered; thus all purging activities should be routinely documented as part of the 
sampling protocol. 
Sampling 
A sampling program is designed to meet specific objectives in light of the hydrologic and 
geochemical characteristics of the aquifer. Most importantly, a sampling protocol must be written. 
This is a detailed description of all the procedures to be followed in the collection, handling, 
packaging, preservation, transportation, storage and documentation of all samples. A properly 
designed sampling protocol (and strict adherence to it) is the best guarantee of obtaining samples 
that accurately represent the aquifer. Expensive high technology sampling and monitoring 
equipment are no substitute for a properly trained, dedicated team of sampling personnel who 
meticulously follow a proven sampling protocol (Barcelona et al. 1988). 
"Groundwater is a very complex matrix" (Smith et al.  1988) but despite its variability in 
quality, it has some consistent properties: groundwater movement through an aquifer generally 
precludes movement of particulates (thus only substances in solution are mobile within the aquifer); 
groundwater often has a high level of dissolved carbon dioxide enabling dissolution of carbonates as 
bicarbonates (any outgassing of this carbon dioxide causes precipitation of those carbonates); and 
groundwater is Virtually devoid of oxygen (dissolved ions tend to be in their most reduced state such 
as ferrous ions - aeration of such a sample will precipitate these ions as ferric species). Hence a 
representative groundwater sample usually should not contain particulate matter and should be 
protected from air (as far as possible) to prevent oxidation. Pressure filtration (which avoids 
degassing) under a nitrogen blanket through a 0.45 m (polyvinylidene fluoride or Teflon) medium is 
recommended (Smith et al. 1988). 
Common Sampling Well Installations 
Six types of installation commonly used for groundwater monitoring are detailed below 
(Cherry et al. 1983). It is recommended that all pipes are fitted with an end-cap at the bottom to 
prevent sediment from filling the pipe under the hydraulic action of the groundwater seeping into 
the pipe. Similarly, all slotted, perforated or screened sections of pipes (including single hole 
sampling apertures) should be covered with fibre glass cloth, nylon screen or stainless steel screen; 
this can be omitted where screened sections are in coarse formations or in a gravel pack. 
Water-table standpipes (Standpipes) usually comprise PVC pipes with slots or 
perforations along the lowest 3 to 6 metres of pipe. Standpipes are useful in the preliminary 
investigative stages to establish both water table depth and fluctuation; particularly valuable for 
unexplored sites. Standpipe piezometers (piezometers) usually comprise PVC pipes with slots or 
perforations along the lowest 0.3 to 0.6 metres of pipe. Piezometers are useful throughout all 
investigative stages to: measure hydraulic heads at different depths within the aquifer; measure 
hydraulic conductivity from rising or falling head tests; and provide samples for chemical analysis. 
Piezometers may be installed singly or nested together in the same borehole reducing drilling costs 
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and pressure or positive displacement samplers; and bundle piezometers which comprise a number of 
small diameter piezometers installed around the outside of a central pipe. 
Sampling Devices 
Sampling devices in common use include: suction-lift pumps; electrical submersible pumps; 
positive displacement pumps; bailers; and multi-level samplers. Suction-lift pumps are usually 
electrically or engine driven centrifugal pumps and operated at ground (surface) level for 
convenience and ease of maintenance. Electrical submersible pumps are operated down-the-well at 
the sampling level; both portable and fixed units are used for sampling. Positive-displacement 
pumps (such as bladder pumps or gas-driven samplers) are also operated down-the-well at the 
sampling level and require a source of compressed gas for operation; typically air or nitrogen. 
Bailers, comprise various ebucketi type devices that are lowered into the well, fill with water at 
the required level and are brought to the surface for sample collection. 
Multi-level samplers are only limited by human ingenuity; they include the following 
specialised techniques in current use. Packer systems are an active non-permanent technique for 
sampling wells with long screened sections. Separation pumping is a three-pump tech-nique where 
the two main pumps (located at the top and bottom) cr~ate a water flow divide or stagnation point 
at a given depth within the well; adjustable by varying the pumping rates. The precise height of 
the divide can be determined by a heat-pulse flow detector and the sampling pump is placed at this 
point. Baffle systems use a packer with a penetrating inner tube (baffle) and a main pump above. 
The principle is to achieve perfectly radial, horizontal flow into the well around the baffle from 
which a sample can be collected; sample pumping rates are kept low to avoid disturbing this 
horizontal flow. Repositioning the packer and baffle enables sampling at different levels. The 
system is suitable for portable applications. Multi-port sock samplers are elongated packer 
elements (socks) of elastomeric material that are inserted into the well and inflated with either 
gas or water to hydraulically isolate the sampling ports. Each port normally has its own sampling 
pump and tubing (all contained within the sock) hence requires a relatively large well (more than 
80 mm -Lerner and Teutsch 1995). Sock samplers can be used in both cased wells and uncased 
boreholes, and may be used as a permanent or portable monitoring system. 
Procedures and Problems of Sampling 
Experience has shown that the major source of error in the measurement of groundwater 
quality is due to the variability in sampling (Smith et al 1988); this underscores the importance of 
the sampling protocol and its strict observance. Sampling should always proceed from up  gradient 
wells down into the catchment or contaminated area to minimise cross-contamination. Between 
sampling points, common use equipment needs to be washed using laboratory (i.e. phosphate-free) 
detergent and distilled (as opposed to de-ionised) water followed by an acid rinse (0.1 N HCl) or 
solvent rinse (hexane or methanol) followed by a triple rinse in distilled water. Following the 
purge cycle, the first samples to be collected should be for the volatile constituents and those 
requiring field filtration or field measurement. Then the large volume samples for extractable 
organic compounds, total metals and nutrient anion determinations should be collected, treated and 
stored for dispatch to the laboratory (Barcelona et al. 1988). It is important to establish the sample 
volume to be collected; minimum volume can be established from that required for chemical analysis 
and the number of replicates desired. Lerner and Teutsch (1995) suggest one litre as a suitable 
standard appropriate to most investigations. 
Construction Materials for Sampling Devices 
The greatest risk to sample integrity lies in sorption of target analytes by flexible 
components such as tubing, pump bladders, gaskets and seals. Careful attention should be paid to 
selection of appropriate materials to avoid such bias. 
Sample Preservation 
To prevent samples changing physically, chemically or biologically during transport and 
storage they are generally refrigerated or preserved by the addition of acid or alkaline solutions. 
Common problems are: aeration of the sample during collection and/  or transport; failure to filter 
samples prior to the addition of acid for preservation (this releases cations from suspended clay 
particles); U.S. EPA recommends acidification to pH less than 2 for metals analysis of samples; and 
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inadequate temperature reduction for proper sample stabilisation during transport and storage. U.S. 
EPA recommends 4(C immediately after collection and during shipment. 
Analysis 
Sample analysis is a critical part of groundwater monitoring - it is expensive and thus needs 
to be minimised, however it must be: 
•  adequate in the number of analytes or parameters examined - usually determined by the 
objectives of the monitoring program guided by national or international standards (such as 
"Guidelines for drinking-water quality" - WHO 1993, 1984)., 
•  executed to an acceptable standard (i.e. with the accuracy and precision required by the 
monitoring program) and in accordance with standard methods detailed in relevant reference 
works (such as Stumm and Morgan 1981; Bassett et al. 1978; APHA 1971)., 
•  subject to Quality Assurance to national (eg. AS 3901) or international (eg. ISO 9001) standards to 
ensure both the ongoing validity of results and that every sample is properly analysed since the 
collection of additional samples for re-analysis is expensive, inconvenient and cannot guarantee 
to recapture the physico-chemical regime present in the initial sample. 
These principles should be applied whether the analysis is done in-house or contracted to 
an outside laboratory. Where a choice of analytical method exists (especially between 
instrumental methods) the most cost-effective method that meets the programis accuracy 
requirements should be selected; references such as Willard et al. (1988) are invaluable for such 
determination. 
Quality Assurance (QA) 
QA is as much part of the monitoring process as any technology or technique. Since failure at 
any stage of groundwater monitoring activities can impair the effectiveness of the program, it is 
imperative that an overall process is in-place to ensure every task is executed correctly. This 
produces reliability of results for users and avoids loss of (sometimes unrecoverable) data-
maximising the cost-effectiveness of the program. A crucial decision that must be made at the 
planning stage and documented into the sampling protocol, is the number and type of quality control 
samples or standards (controls) to be taken. These will be determined by the nature of the errors to 
be assessed (both random and systematic) and the accuracy desired in their assessment (Keith 1990). 
There are basically two types of controls which are used to determine whether (a) the analytical 
procedure is in statistical control; or (b) specific analytes are present in the sample population but 
not in a similar control population. 
Conclusion 
This paper reflects on the spectrum of technologies encompassed in groundwater monitoring. 
A monitoring program not only involves different disciplines and technologies, but also a wide range 
of personnel from field assistants to research scientists. In order to achieve the goals of groundwater 
monitoring and ultimately fulfil its role in the catchment management process, the monitoring 
program itself requires careful management; Quality Assurance (QA) offers a soundly structured 
approach to achieve this. QA forces precise definition of objectives from the outset enabling levels 
of accuracy and precision for every phase of the program to be determined with corresponding 
selection of the most appropriate technology. This type of approach ensures that the program will 
be cost-effective and (most importantly) that the results obtained will best serve the needs of the 
end-user. Proper catchment management can only be achieved if the groundwater monitoring 
program provides reliable results from which decisions can be confidently made. 
Endnotes 
1. Teflon is a registered trademark of DuPont for polytetrafluoroethylene based materials. 
2. Units for this parameter are usually given in absorption per unit of exposed area. Note that larger 
diameter tubes tend to have a smaller effect. 
3. CSIRO - Commonwealth Scientific and Industrial Research Organisation - Australia. 
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